We examined the suitability of nine organic buffers for studying calcium binding to albumin by equilibrium dialysis. Results obtained with defatted jiuman serum albumin showed that 4-(2-hydroxyethyl)-1 -piperazineethanesulfonic acid (HEPES) and 2-{[tris(hydroxymethyl)methyl] amino}ethanesulfonic acid were superior. Scatchard analysis of the experimental data from an extensive study performed in HEPES at pH 7.4 and 20 #{176}C revealed (putting n = 1, The results were also analyzed in terms of stoichiometric association constants. The constants K1 and '2 were calculated to be 1513 and 647 Llmol, respectively, whereas the other constants were considered undeterminable. pH studies showed that in the interval 6.8-7.4, binding was not influenced by changes in acidity. increasing pH to above the physiological value resulted in increased binding. At pH 8.0, k1 was increased almost fourfold, whereas k2 and k3 were approximately doubled. These findings indicate that the neutral to basic transition is important for the calcium-binding properties of albumin. The transition is a reversible, gradual conformational change of the protein at pH 6-9. very-low-affinity sites. Both authors used unbuffered solutions, and the concentration of unbound calcium was determined indirectly by spectrophotometry (1) and by using an ion-specific electrode (2). We examined the suitability of different organic buffers (mostly Good's buffers) for calcium-albumin binding studies by equilibrium dialysis and by using radioactive calcium. Ligand binding to defatted human serum albu-
Materialsand Methods

Chemicals
Human serum albumin (97% pure) was obtained from AB Kabi (Stockholm, Sweden). The protein was defatted with charcoal in dilute sulfuric acid, pH 3.0, at 0#{176}C (3), dialyzed extensively against deionized water, lyophilized, and stored in a desiccator at 4#{176}C until use. The fatty acid content after defatting was determined by an enzymatic method (NEFA C; Wako Chemicals GmbH, Neuss, Germany) to be <0.1 mol/mol of protein. Radioactive calcium was purchased as 45CaCl2 (26 CiJg) from Amersham International (Bucks, UK); according to the manufacturer, the batches used did not contain significant radionucidic impurities. Nonradioactive CaCl2 ( 99.5% pure) and the buffers glycylglycine and barbital (5,5-diethylbarbituric acid, sodium salt) were products of Merck (Darmstadt, Germany). 
Equilibrium Dialysis
Solutions containing different concentrations of Ca2 and 45Ca2, with and without a constant concentration of albumin, were prepared. The solutions also contained buffer salts at a concentration of 0.05 mol/L, except for barbital, which was at 0.04 moWL. Acidity of the media was adjusted by adding small volumes of dilute HC1 or NaOH, and pH was determined with a PHM82 standard pH meter equipped with a GK2731 combined electrode, both from Radiometer (Copenhagen, Denmark).
An albumin concentration of 10 g/L was mainly used in preference to the physiological concentration (-40 gIL), because equilibrium dialysis experiments performed at physiological concentration often are impeded by osmotic effects.
For equilibrium dialysis, 2.4-mL plexiglass cells were used. Each cell was divided into two equal compart-ments by a cellulose membrane cut from dialysis tubing solutions buffered in different ways were tested by (Union Carbide Corp., Chicago, IL). The left-side cornStudent's t-test. partments contained 1.00 mL of calcium-containing samples, with or without albumin, and the right-side Results compartments contained 1.00 mL of buffer. A small air Effect of Buffers on Calcium Binding bubble was left in each compartment to facilitate mix- Figure 1 depicts binding of calcium to defatted human ing. The filled cells were rotated for a fixed time in a serum albumin dissolved in nine different buffer syscabinet having a constant temperature of 20#{176}C. The tems. Binding was similar whether dialysis was for 4 or compartments were then emptied, and the concentra-20 h, and, in the concentration range of free ligand tion of calcium was determined by liquid scintillation including that normal for humans [taken as 45% of counting with an LKB Wallac (Turku, Finland) 1209 2.1-2.6 mmol/L (6)1, was highly dependent on the type Rackbeta spectrometer. No quenching of the radioactivof buffer used. For example, binding in HEPES was ity of 45Ca2 by albumin was observed. The recovery of three-to fourfold greater than that in PIPES. Although 45Ca2 was 98.6% ± 3.6% (n = 158); i.e., no significant is often >1 (multiple binding), the results can in all adsorption of calcium to the cellulose membrane or cases be described very well by regression lines (r2 = dialysis cell had occurred.
0.983-0.998; Figure 1 ).
.
Calculations
Because it is reasonable to assume proportionality between bound and free calcium in the concentration The radioactivity of calcium-containing solutions that range studied here, binding can be quantified in perhad not been dialyzed was taken to represent the known centages. Table 1 shows that for all buffers, the calciconcentrations of total ligand. In the binding experium-albumin interaction is relatively weak, i.e., the ments, the concentrations of bound and free ligand were binding percentages are <10%. 
Effect of Dialysis Time on Calcium Diffusion
Studies of the transmembranal diffusion of calcium, in the absence of protein, were performed to determine the time necessary for establishing equilibrium. The rate of diffusion is independent of the calcium concentratioti even though the concentration varied >10 000-fold ( Figure 2 ). Equilibrium was established after 3-3.5 h of dialysis. Therefore, to provide a safety margin, dialysis was carried out for 4 h in the ligand-binding studies. Figure 3 summarizes the results of several series of binding experiments that used widely different calcium concentrations. At relatively low ligand concentrations ( Figure 3A) , an almost linear relationship exists between the bound and free fractions of calcium (see also Figure 1 ). However, at high calcium concentrations a flattening out of the results is observed ( Figure 3B ), indicating the existence of low-affinity binding sites. It is also apparent from Figure 3B that although the concentration of total calciumis -200-fold higher than that of albumin, saturation of the protein with calcium has not occurred.
To characterize the calcium-albumin interactions in terms of binding sites and corresponding association constants, computerized calculations based on the Scatchard equation were performed (see equation 1). For making as detailed an analysis as possible, n1, n2, n3, and n4 were allput equalto1.However,forreducingthe 10; see Table 2 ). The above-mentionedassociation constants, which are called the best-fit binding constants (Table 2) , are not the only set of constants that well describe the experimental findings. For example,severaladditional acceptable sets ofconstants withina probability limit of 0.95 were computerized by usingprincipally the same procedure described by Sprague et al. (8) . The range of 30 values for each constant is given in Table 2 . In all examples the magnitude of the association constants is relatively low, i.e., <iOn L/mol, and the variation of k1 is much less than those of k2, k3, and k4. Fork1, the highest possible value is only -2-fold higher than the lowest value, whereas the possible values for the other three constants all differ by 10-or 100-fold. Finally, grouping of the sites of a very low affinity did reduce the uncertainty associated with calculating the binding constants.
The calcium-albumin interactions were also analyzed in terms of stoichiometric association constants. These were computerized according to the procedure described by Pedersen et al. (9) . The value of N in equation 2 was put equal to 8, the highest value of i (see Figure 3B ) plus 1 (9) , and the best-fit association constants and 30 sets of acceptable constants were computerized (Table  2) . A theoretical binding curve constructed by using these best-fit constants describes the experimental results as well as the curve made on the basis of the best-fit Scatchard constants (not shown). As Table 2 shows, the determination of K1 is very precise, because the highest and lowest possible values for this constant differ only by twofold. By contrast, K2 can vary much more, -30-fold. Because ofthe iterative procedure, the ranges calculated forthe additional stoichiometric constants are very large, and solid conclusions about these bindingconstants cannot be made.
To check the reliability of the two different analyses, we calculated the best-fit K1 value on the basis of the best-fit k values, asoutlined by Klotz and Hunston (10):
K1=k1+k2+k3+k4+
10.k5
The K1 value calculated according to equation 3 is 1551 L/mo!, a result thatagrees excellently with the value given in Table 2 (1513 L/mol).
Effect of pH on Calcium Binding
The influence on binding of pH variations within the interval 6.8-8.0 was investigated by examining calcium bindingatallthepH valuesstudied simultaneously.
As shown in Figure 4, ligand binding at pH 6.8,7.1, and 7.4 is very similar. By contrast, increasing pH to 7.7 and, especially, to 8.0results in increased calcium binding. Figure 4 were also analyzed in terms of association constants. However, because of the relatively few results obtained at each pH value, only best-fit Scatchard constants were calculated. Furthermore, because the results obtained at pH 6.8-7.4were comparable, these data were pooled when binding constants were calculated. The constants calculated at these and the other pH values are given in Table 3 . Although the differences among k1, k2, and k3 determined at pH 7.4 in this study are less evident than in themuch more detailed study presented in Table 2 
The data in
Discussion
Calcium Binding at pH 7.4
Our first task was to find a suitable buffer for calcium-albumin binding studies. This has been a problem because of the pronounced tendency of calcium ions to interact with various anions. The results obtained with After this initial study, binding of calcium to defatted human serum albumin was studied in detail in HEPES solutions by using newly prepared batches of radioactive calcium of high radiochemical purity. The availability of calcium of high specific radioactivity made it possible to include binding experiments at low ligandto-protein molar ratios. Therefore, we emphasized that type of study, because it is clinically relevant and had not been done before.
The potential influence of a Donnan effect on binding was evaluated both theoretically and experimentally. which excludes a potential Donnan effect. The binding curve obtained by using this approach was identical to that obtained by using equilibrium dialysis (data not shown). Thus, it seems safe to conclude that the binding data reported here were not influenced by a Donnan effect.
The experimental results ( Figure 3) were analyzed according to the Scatchard model, i.e., by assuming ligand binding to classes of independent sites having the same bindingconstant. To refine the analysis, all the classes, except for the one composed ofvery weak sites, were assumed to consist of only one site (Table 2) . Calculations performed according to this line revealed = 367 LImol. That value is very low compared with valuesfoundfor, e.g., bindingofCu2 and Ni2 to serum albumin (7) . Thus, a typical high-affinity site does not seem to exist for calcium binding. The binding constants k2, k3, and k4 were found to be of similar size to k1.
In addition to the best-fit constants referred to above, another30 sets ofassociation constants were generated, all describing the experimental findings reasonably well. The purpose of this was to illustrate the stochastic variation associated with the calculation of the binding constants.
From the range of solutions given in Table 2 , it is apparent that the secondary constants can vary considerably and that cautionshould be exercised if conclusions are based on the given valuesfor,e.g., k3 and k4 in the case ofcalciumbinding.
The experimental data ( Figure 3) were also analyzed by using the stepwise binding model that takes into account possible ligand-induced conformational changes ofthe protein. Such changes can,among otherthings, manifest themselves as cooperative binding (7). The best-fit constants and the results of 30 additional computer calculations are summarized in Table 2 . As shown, the extent to which K1 and K2 vary is moderate, whereas that for K3-K8 is extensive. Therefore, for calcium binding to albumin it is not possible to prefer one binding model to the other. One additional piece of information was obtained by performing both types of calculations. Because the two sets of best-fit constants describe the experimental results equallywell, itissafe showed that the calcium-albumin interactions, in the Scatchard model, are best described not in terms ofbinding classes but by a series ofslightly decreasing binding constants. Furthermore, as illustrated by the theoretical curves in Figure 5 , our investigation revealed a calcium binding value -25%
higher than those given by the two other authors at clinical relevant concentrations of unbound calcium. In reality, the difference is more pronounced than that, because this study was performed at 20#{176}C, whereas Pedersen (1) and Fogh-Andersen (2) carried out their experiments at 37#{176}C, and, according to Pedersen, the binding increases slightly with the temperature.
In a separate study (13) he reported that, assuming a constant number ofbindingsites, the association constant increased from 59 Lfmol at 22#{176}C to 83 L/mol at 37 #{176}C.
Several other differences
exist between this work and that ofPedersen (1) and Fogh-Andersen (-), calculatedby usingthe best-fit Scatchard constantsgiven In Table 2 . (---) , constructed on the basis of n = 12 and k 88 LJmOI (1)
17L/mol (2) 4and 5 inreferencel and Figure 3 inreference2 The following short discussion is exclusively based on the results of Table 3 , because they represent the simpler system, namely, calcium binding to albumin inthe absence of other ligands. The net negativecharge of human serum albumin increases uniformly from about -9 to -17 in the pH interval 6.8-8. 0 (19,20) . Therefore, if the increment in calcium binding in the same pH interval simply is an effect of increased electrostatic attractions between ligand and protein, there should be a similar uniform increment in calcium binding. That, however, was not observed, so other mechanisms must be operative as well. Among these, the neutral (N) to basic (B) transitionofalbumin (21, 22) , occurring at pH 6-9, probably is very important. This transition is a reversible, gradual conformational change oftheprotein, resulting ina slight decrease in a-helical content (17) . Furthermore, several histidyl residues, which are masked in the N form, become titratable in the B form (21,22) .
Harmsen et al. (22) shift of the midpoint pH of the N-B transition. A molecular explanation for this finding and for the increased calcium binding at higher pH could be that in the N conformation salt bridges exist between several pairs ofimidazole and carboxyl groups, whereas in the B conformation some or all of these salt bridges are broken, resulting in a downward pK shift of about five histidine residues (22,23) . The breaking of salt bridges also implies that calcium binding can bind to, or is enhanced by the presence of, the "free" imidazole groups in the B form of the protein. This improved binding probably competes with hydrogen ions (22, 23) , a phenomenon that also tends to decreasethe midpoint pH of theN-B transition.
Competitive binding of calcium and hydrogen ions to crucial imidazole groups of albumin was alsoproposed by Pedersen (13, 18) . However, the increased accessibility of groups such as ionized carboxyl groups and tyrosine residues, as a consequence of the N-B conformational change, could also be important forthe pH-dependentcalciumbinding to human serum albumin.
